A procedure was evaluated for the extraction of 16 free fatty acids (FFAs) from liver. Ultrasonic energy was used for the extraction and the variables affecting the extraction efficiency were investigated. The best conditions for extraction were: 2 mL isopropanoln-hexane (3:2, v/v), 20 min and 80 w. Recoveries ranging from 87.00 to 120.00% were obtained under the optimum conditions, and the linearity as correlation coefficient was higher than 0.9914. Analytical results for the 16 FFAs in the same liver sample, analyzed by ultrasound-assisted and conventional extraction, showed acceptable agreement, thus suggesting the possibility of using ultrasound-assisted extraction instead of the conventional procedure. Moreover, the ultrasound-assisted extraction was successfully applied to the determination of FFAs in the liver of mice with hyperlipidemia and normal mice.
Introduction
Liver, an important site of the removal of free fatty acids (FFAs) from the blood, has been shown to be essential in the metabolism and turnover of both endogenous and exogenous FFAs, cholesterol and triglycerides (1, 2) . Alterations have been reported in liver fatty acid composition in people with hyperlipidemia (HLP) and diabetes (3, 4) . These suggest that fatty acid profiles in liver can be altered by different diseases. Moreover, FFAs, the important bridge of lipid metabolism, not only plays an important role in energy generation and storage, but also plays a critical role in cell, tissue and organ physiology (5 -7) . FFAs in plasma, liver and tissue are of interest in the fields of epidemiological and clinical research because of their apparent effects on human health. Therefore, the determination and evaluation of FFAs exchange in liver are important tasks in biochemistry.
At present, the common analysis technology for free fatty acids profiling is gas chromatography -mass spectrometry (GC-MS) (8) . In general, fatty acids must be extracted and converted to convenient volatile derivatives before GC -MS analysis. Liquid-liquid partitioning with chloroform-methanol, according to Folch (9) , is generally considered to be the conventional method for extraction of hepatic FFAs and is commonly used for extracting lipids in biological samples (10, 11) . However, this method is cumbersome in terms of time and harmful for the environment because of its use of chlorinated solvents. Ultrasound-assisted extraction of FFAs showed higher (faster) extraction rates without changing the characteristics of the component, and has been applied for many chemical components (12, 13) , but this technique has neither been applied widely to the extraction of FFAs in liver, nor tested exhaustively. Therefore, it is necessary to systematically investigate an efficient extracted procedure of FFAs in liver.
The aim of this study is to develop a fast and reliable procedure based on ultrasound-assisted extraction for the determination of FFAs in liver. The optimal conditions were obtained by the ultrasound-assisted extraction. After extraction and esterification, the fatty acid profile was determined with GC -MS. The results of ultrasound-assisted extraction were then compared with those obtained after lipid -lipid extraction with the conventional method. Moreover, the procedure was applied to establish FFA profiles in the liver of mice with HLP.
Material and Methods

Samples and homogenization
Livers were provided from five normal mature male C57BL/6 mice (Vitalriver, Beijing, China). After the animals were sacrificed, part of the liver was snap-frozen in liquid nitrogen, cut with a cryostat (Leica CM 1100) and stored at -808C. Five grams of liver tissue was homogenized in ice-cold phosphatebuffered saline using an IKA T-10 basic Ultra-Turrax (IKA, Germany) for 15 min, and the suspension was divided into 100 aliquot solutions. Afterward, the stocking samples were stored at -208C in closed glass containers until analysis.
Standards
Fatty acid standards were purchased from Sigma (St Louis, MO, ! 99% purity): myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid (C16:1n-7), heptadecanoic acid (C17:0), stearic acid (C18:0), oleic acid (C18:1n-9), linoleic acid (C18:2 n-6), linolenic acid (C18:3n-3), g-linolenic acid (C18:3n-6), eicosadienoic acid (C20:2n-6), arachidonic acid (C20:4n-6), eicosapentaenoic acid (C20:5n-3), docosatetraenoic acid (C22: 4n-6), docosapentaenoic acid (C22:5n-3), docos-ahexaenoic acid (C22:6n-3), tetracosanoic acid (C24:0) and selacholeic acid (C24:1n-9).
Chemicals
Chloroform and methanol (chromatographic grade) were purchased from Beijing Reagent Company (Beijing, China). Isopropanol and n-hexane (chromatographic grade) were obtained from Shandong Yuwang Chemical Reagent Company (Shandong, China). Anhydrous Na 2 SO 4 (for analysis, 99%) and H 2 SO 4 ( purity: ! 98.0%) were acquired from Tianjin Guangfu Chemical Reagent Company (Tianjin, China).
Preparation of standard solutions
Stock solutions of the 16 FFAs and an internal standard (heptadecanoic acid) were prepared at 1,000 mg/mL in methanol. Working solutions were prepared with methanol at concentrations of 0.50-1,000.00 mg/mL.
Preparation of liver sample
Ultrasonic-assisted extraction Ultrasonic-assisted extraction was performed with an ultrasonic processor (KQ-250B; Kunshan Ultrasonic Instrument Co., Kunshan, China) equipped with a 6 mm microtip. The processor operated at a frequency of 25 kHz. The power for the extraction was adjustable from 40 to 100 w. A series of 200 mL stocking samples were spiked with the internal standard (IS) working solution (200 mL heptadecanoic acid, C17:0, 200 mg/mL) and transferred to the reaction chamber to be subjected to ultrasound waves. The extraction time, extractant volume and ultrasound power level were the influencing parameters. At the same time, the effects of these parameters on the extraction effect were investigated and observed: (i) with 10, 20, 30 and 40 min of extraction duration under the conditions of 3 mL extractant and 100 w; (ii) with different volume aliquots (1.0, 2.0, 3.0 and 4.0 mL) of isopropanol -n-hexane (3:2, v/v) under the conditions of 20 min and 100 w; (iii) with 40, 60, 80 and 100 w of the power under the conditions of 2 mL extractant and 20 min. Each extraction was performed twice. After the extraction, the sample was centrifuged at 3,500 rpm for 10 min and the organic phase was dried under nitrogen gas. The combined extracts were transferred to fatty acid methyl esters (FAMEs) before analysis.
Conventional extraction
Hepatic FFAs were extracted using the method described by Folch et al. (9) . In brief, 50 mg of mice liver was weighed and homogenized, and then the the suspension was spiked with IS and 2 mL chloroform-methanol (2:1, v/v). After 12 hours of standing, the solution was centrifuged at 3,500 rpm for 10 min. The bottom organic phase was dried under nitrogen gas. The residue was transferred to FAMEs to analyze FFAs.
Preparation of FAMEs
FAMEs were prepared using the method described by Liu et al. (14) . Two milliliters of H 2 SO 4 -CH 3 OH was added to the extracts and FFAs were transferred to FAMEs. After that, 2 mL saturated sodium chloride solution were added, the solution was extracted with 2 mL of n-hexane using a vortex mixer for 60 s and FAMEs were obtained. The samples were evaporated to dryness under N 2 , and n-hexane (100 mL) was then added before analysis.
GC-MS
GC -MS analysis was performed on a gas chromatograph coupled to an ion trap mass spectrometer (TRACE GC/ PolarisQ MS; Thermo Finnigan, Waltham, MA). Separation was accomplished on a J&W DB-WAX capillary column (30 m Â 0.25 mm i.d., 0.25 mm film thickness). The GC oven was started at 1008C (hold time 2 min), then proceeded at 108C /min to 2008C (hold time 5 min), 108C /min to 2208C (hold time 15 min). The transfer line was maintained at 2308C. Helium was used as carrier gas with a flow rate of 1.0 mL/min. The temperature of the injector was 2308C, and the sample (1.0 mL) was injected with the split ratio of the injector at 1:10. The ion trap mass spectrometer was operated in electron ionization (EI) mode and full scan monitoring mode (m/z 30-450). The source temperature was at 2308C, and electron energy at 70 eV.
Procedure validation
The linearity of the calibration was tested and assayed. Calibration curves in the concentration range of 0.5 -1,000 mg/mL were constructed for the 16 FFAs by plotting the peak area ratios of analyte/IS. The linearity was determined by conducting linear regression analysis on the calibration curves.
Calibration samples were prepared using the stock solutions (1 mL), which were spiked at increasing amounts (0.50 -550.00 mg/mL) with the standards of the 16 fatty acids. Limits of quantitation (LOQ) were defined as the lowest concentrations with signal-to-noise (S/N) ratios of 10. Accuracy, precision and recovery of calibration samples determined using intra-day and inter-day assays had three different concentrations, including low, medium and high points of the calibration range (see Table II ).
The effects of freeze -thaw cycle and at various temperatures in liver for 4 h were evaluated on the compound stability by repeated analysis (n ¼ 5) of a certain sample. Long-term stability was also tested by assaying a frozen liver sample after storage at 2808C for one month.
Application to the mice liver samples Mice liver samples were obtained from six normal mice and six mice with HLP. Fifty milligrams of mice liver was weighed and placed in a 10 mL glass screw cap centrifuge tube. FFAs were extracted using the previously described ultrasonic-assisted extraction and detected by GC -MS. Statistical analysis Statistical analysis was performed using the Statistical Package of Social Sciences (SPSS) 13.0 (SPSS, Inc., Chicago, IL). Results were presented as mean + standard deviation (SD). Data that were not normally distributed were logarithmically transformed to obtain near normality before analysis. Statistical evaluations of continuous variables were performed by using the t-test. All p values were 2-tailed and a p-value of , 0.05 was considered statistically significant.
Results and Discussion
Screening of factors influencing ultrasonic extraction of fatty acids with isopropanol-n-hexane (3:2, v/v)
The optimization of ultrasonic time The ultrasonic time is important for maximizing the extraction efficiency during the extraction process. The influence of ultrasonic time on extraction of FFAs is shown in Figure 1 . For the 16 FFAs, extraction efficiency increased when ultrasonic time was increased from 10 to 20 min. Extraction efficiency was worse after an ultrasonic time of 30 min. The reason may be that the temperature of the solvent gradually increased when the ultrasonic time rose, and the higher temperature made the solvent easily volatile and led to a low extraction efficiency. Therefore, an ultrasonic time of 20 min was determined to be suitable for the extraction of FFAs in liver.
The optimization of extractant volume Although chloroform -methanol is often used as extractant in the extraction process for fatty acids (10, 11) , this extractant is cumbersome and harmful for the environment because of its use of chlorinated solvents. At present, isopropanol-n-hexane is a type of extractant for lipid extraction and has been applied for the extraction of many chemical components because of its relatively low toxicity (15 -17) . In this work, isopropanol-n-hexane (3:2, v/v) was employed for liquidliquid extraction of FFAs in liver, and the extractant volume was studied in the range of 1-4 mL. Figure 2 summarizes the effect of the extractant volume on the extraction efficiency. The result showed that the extraction efficiency increased when the extractant volume varied from 1 to 2 mL. However, at higher extractant volumes (3 -4 mL), this effect became minimal. As a result, an extractant volume of 2 mL was chosen so that the required number of replicates could be performed without environmental hazards or exhaustion of the solvent.
Optimization of ultrasonic power
The power of ultrasound transmitted to the medium is directly related to the extraction efficiency. Figure 3 shows that the ultrasonic power influenced the extraction efficiency. For the 16 fatty acids, extraction efficiency increased when power was increased from 40 to 80 w and remained constant for a higher power value (100 w). Results showed that the optimum extraction efficiency was attained in the range of 80 -100 w. Usually, an increase in power will provide an increase in the sonochemical effects (18) . Accordingly, the power for the extraction efficiency should be maintained at 80 w to obtain maximal yields and save energy.
Procedure validation
Calibration curves
The linear regression analysis of FFAs was constructed by plotting the peak area ratios of their FAMEs to the IS (y) versus concentrations (mg/mL) of corresponding analytes (x), respectively. The regression equations and correlation coefficients (r) are shown in Table I . These results suggested a good linear relationship between the peak areas and concentrations (correlation efficient, r: 0.9917-0.9996).
Accuracy, precision, and recovery Procedure validation was conducted by evaluating the accuracy, precision and recovery of the present procedure by using spiked samples prepared from FFAs and the stock solution of liver. The sample was extracted under the optimum conditions. Accuracy, precision and recovery were determined by analyzing five calibration samples at three different concentration levels for the 16 FFAs. Intra-day accuracy ranged from 4.00 to 15.00% and precision was 2.41 to 11.49%, whereas recovery ranged from 90.00 to 120.00%. Inter-day accuracy and precision were 7.00 to 15.00% and 2.01 to 11.00%, respectively; recovery was 87.00-118.00% (Table II) . These data proved that the developed procedure has satisfactory precision, accuracy and recovery.
Stability
FFAs of a fresh liver sample of a certain mouse were extracted and analyzed by the final determinate method (n ¼ 5). The relative standard deviations (RSD) of 16 FFAs are shown in Table III . For FFAs, the RSD was 5.86 -15.79%. Furthermore, the effects were evaluated of the stability of fatty acids in liver during a freeze -thaw cycle and at room temperature (248) for 4 h. Long-term stability was also tested by assaying a frozen plasma sample after storage at 2808 for 1 month. When the two groups were compared, the component with a t-test result of "1" was considered to be distinct. Compared with fresh samples, no fatty acid had a distinct difference in the freezethaw sample or at room temperature for 4 h. After storing at 2808 for one month, there were no statistical differences from the fresh sample, which indicated that fatty acids are stable in liver storage at 2808 for one month.
Comparison of the ultrasonic-assisted and conventional extraction results on mice liver A comparison of the ultrasonic-assisted procedure with the conventional method was performed by an extraction of the same mouse liver sample. Table IV shows that in most cases, the mean values obtained by the ultrasonic-assisted procedure were comparable with those obtained by the conventional extraction method, and no significant difference was observed in the fatty acid profile obtained with the two extraction methods. The concentration of eight FFAs using direct ultrasonic-assisted extraction was a little higher than that of the convectional method, but there was no statistical significance. Furthermore, the amount of unsaturated fatty acids was the same with both methods. Therefore, no oxidative decomposition of these oxidatively labile fatty acids was observed after ultrasonic-assisted extraction, which has been controversially discussed in the literature (19, 20) . To ensure the precision of ultrasonic-assisted extraction, the coefficient of variation of each selected FFAs was also determined and compared to those obtained by the conventional method (Table IV) . Compared with the conventional method, the ultrasonic procedure provided higher precision. It is generally accepted that the cavitation and collapse of cavitation bubbles in the ultrasonic process have an effect on the result of extraction. The cavitation and collapse of cavitation bubbles, in which transient hot spots with locally extremely harsh conditions occur, are generally accepted as the origin of the extracted effects (21, 22) . All of these results suggested that ultrasonic-assisted extraction was much better than the conventional method. Furthermore, the conventional method is far more troublesome and harmful for environment than ultrasonic-assisted extraction.
Analysis of mice liver samples
The profiles of FFAs in liver in normal mice and mice with HLP were analyzed by the optimized ultrasonic-assisted procedure (shown in Table V ). Fourteen fatty acids were detected, including three saturated fatty acids, two monounsaturated fatty acids and nine polyunsaturated fatty acids. Two fatty acids (C24:0 and C24:1) were not found in samples of mice livers with HLP or normal mice liver. Although the levels of 10 FFAs (C14:0, C16:0, C16:1, C18:0, C18:1, g-C18:3,C20:2, C20:4, C22:4 and C22:6, p , 0.05) in mice with HLP were higher than those of the normal mice, there were seven components (C16:0, C16:1, C18:0, C18:1, C20:2, C20:4 and C22:6, p , 0.05) with distinct differences between mice with HLP and normal mice. The levels of four fatty acids in mice with HLP (C18:2, C18:3, C20:5 and C22:5) decreased and there was a statistical significance for C22:5 between two groups. Moreover, total FFA level (the sum of the 16 detected FFAs) was also evaluated and distinct differences were observed between the two groups. From the preceding discussion, the profiles of FFAs were different in the liver of mice with HLP mice when compared with the normal mice. Therefore, the determination of profiles of FFAs of the liver is very important for pathogenesis and treatment research of HLP.
Conclusions
The described procedure offers a rapid and efficient lipid extraction for the determination of FFAs in liver. The advantages of ultrasound-assisted extraction over the conventional method are as follows. Ultrasound-assisted extraction is faster than the conventional method. The time needed for one extraction was approximately 20 min. This time was much lower than that involved in the conventional method (i.e., 12 h). Currently, the authors' group has initiated studies to establish conditions for extraction and quantification of FFAs in liver. These aspects are very important in metabolic studies of fatty acids of some disease, such as HLP, diabetes and cardiovascular disease. 
